Surface related multiple elimination (SRME) method is known to have difficulties in attenuating shallow water multiples. Particularly, for water-layer related multiples in shallow water environment such as the Gulf of Thailand because the primary water-bottom reflection that is required by SRME for predicting the multiples is not recorded due to the near offset gap between the source and the streamers. Consequently, these multiples often obscure the interpretation of hydrocarbon reservoirs and significantly reduce the effectiveness of seismic inversion. Conventionally, predictive deconvolution in either x-t or tau-p domain is often used in processing workflow to suppress this kind of multiples. However, deconvolution also attenuates primary events that have a periodicity close to that of the water-layer. In this paper, we present a two-step processing workflow for removing free-surface multiples in shallow water situations. Firstly, we use a multi-channel prediction filter estimated from the multiples for attenuating short-period water-layer related multiples. Secondly, we apply SRME for suppressing other long-period surface multiples generated by sub-surfaces underneath the water-bottom.
Introduction
Efficient attenuation of water-layer related multiples (WLRMs) remains one of the challenging issues in shallow water situations. For instance, conventional surface-related multiple elimination (SRME) method is known to have difficulties in attenuating shallow water multiples because the primary water-bottom reflection is not always present in shallow water seismic data due to the near offset gap (e.g., Verschuur, 2006) . This kind of multiples become even problematic in revealing the subsurface structures if the water-bottom has a hard acoustic response that generates a lot of very strong water-bottom multiples. Conventionally, predictive deconvolution in the x-t or -p domain is used in processing workflow for attenuating shallow water multiples (Alái et al., 2002) . However, -p deconvolution is highly sensitive to precise amplitude consistency of the traces across a gather (Schoenberger and Houston, 1998) . As a result, remnant multiples left by these conventional techniques often significantly reduces the effectiveness of inversion and AVO, key tools in understanding the geology. A deterministic way of extracting water-layer model from auto-correlation for suppressing WLRMs has been suggested (Moore et al., 2006) . The method predicts WLRMs with correct amplitudes. But for rugose water-bottoms, the water-layer model derived from the time-domain auto-correlation will not be accurate because of the multi-arrivals of water-layer primary reflections.
Wave equation modeling based approaches have also been proposed to handle the issue of incomplete data acquisition for recording water-bottom data for multiple attenuation in shallow water environment (Wiggins, 1988; Pica et al., 2005) . Whilst they have the advantage of relaxing the requirement in SRME that there must be a receiver at each shot location, they need either the structural model of water-bottom or migrated seismic image (often the near offset stack section) that has the multiples removed for predicting WLRMs.
The methodology of estimating primaries from multiples for coping with missing water-bottom reflections has been demonstrated to be a viable alternative for attenuating shallow water multiples (Biersteker, 2001) . Using multichannel prediction operator that is estimated from the multiples, it provides a way of estimating the water-bottom reflections from the water-layer multiples (Hargreaves, 2006) . Sparse inversion can also be utilised in the process for avoiding the need of adaptive subtraction that is required in SRME (van Groenestijn and Verschuur, 2009 ).
Using an approach that is similar to the methodology, we demonstrate a workflow that also includes conventional SRME for effectively attenuating surface multiples in shallow water situations.
Methodology
In describing the process of SRME, one can formulate it in one of the two following ways. One is the iterative approach that was described by Berkhout and Verschuur (1997) :
where P is the acquired data, P represents the primary response and A is the surface operator that involves source properties and free-surface reflectivity. The other is the inversion method that was proposed by Biersteker (2001) :
where F is a multichannel prediction filter and is equivalent to a scaled version of primaries (Hargreaves, 2006) . These two ways of implementation can be utilised in turn to attenuate free-surface multiples in shallow water environment by first tackling short-period water-layer multiples and then handling remaining long-period surface multiples generated from other subsurfaces.
For the first step, since water-bottom reflections are not available in shallow water situations and hence the iterative method is not possible for predicting water-layer multiples, an approach that is similar to the inversion method is used for estimating F wthe multichannel prediction filter associated with the water-bottom. In this case, the design window for F w should include either simple or peg-leg (or both) water-layer multiples. Deterministic information of bathymetry that is normally available from the navigation data can be used for designing gaps in the inversion process for obtaining F w . In deriving F w , the spatial noncausality property of the operator is taken into account in our implementation (Hung and Notfors, 2003) . By convolving the resultant operator F w with the input data, the water-layer multiple model can then be generated. Since the estimation process of F w has already included the effect of the surface operator, the multiple model has the correct amplitudes and phase for the water-layer multiples. Hence, in the subtraction process, direct subtraction or adaptive subtraction using very short matching filters is adequate. This minimises the risks of changing other events significantly, especially those primary events that are close to the multiples. This first step constitutes the process that we call shallow water demultiple (SWD).
In the second step, the iterative approach (conventional SRME) is used for handling free-surface multiples that have longer period. Since the WLRMs have already been handled, the generator responsible for these multiples, i.e. the water-bottom in this case, needs to be first muted off to form the input for SRME. In practice, the length of the mute time is associated with the operator length of F w . With this data preconditioning, relatively simple extrapolation methods can be utilised for SRME. Moreover, targeting long-period multiples allows more flexible control of adaptive subtraction parameters.
Examples
The Bohai Sea, China The field data was acquired with a configuration of dual source and three cables. The cable length is 4.5km with the channel spacing of 12.5m. The cable separation is 100m and the sail line interval is 150m in the crossline direction. The guns were fired flip/flop at an interval of 25m (i.e. 50m per gun) which results in a nominal fold of 45. The nearest channel at the central cable is 150m from the source. From the seafloor bathymetry obtained from the navigation data as displayed in Figure 1 , it can be deduced that the water-bottom reflection is in the post-critical range even at the nearest channel. Pre-processing before the demultiple processes involve mainly noise attenuation and interpolation/extrapolation, besides normal processes such as de-signature and de-bubble. Swell noise and direct arrivals were suppressed in the shot-domain. Anti-leakage Fourier Transform method (Xu et al., 2005) was applied to infill and interpolate the data to fulfill the SRME requirement of having a shot at every receiver location.
Water-layer related multiples attenuation
Figure 2(a) shows the input stack of one of the lines that was acquired in the Bohai Sea after pre-processing. As mentioned above, the water-bottom reflection is clearly missing in the data. Hence, SRME is not suitable to be used for removing waterlayer related multiples in this case. Instead, an approach similar to the ones suggested by Biersteker (2001) and Hargreaves (2006) is adopted for suppressing this kind of multiples. Following these methods, multiples present in the data are used for estimating (scaled version) primaries by applying a multichannel prediction filter, F w . The design window for F w should include either simple or peg-leg (or both) water-layer multiples. In this case, a time window of 500-3000ms was selected. Moreover, the seafloor bathymetry information in Figure 1 was used for designing the gaps in the deconvolution process for obtaining F w . We also took into account the spatial noncausality property of the operator in deriving F w (Hung and Notfors, 2003) . Figures 2(b) and 2(c) depict the F w estimated from the input data. It can be observed that the (scaled version) waterbottom reflection has been properly reconstructed.
By convolving the resultant operator F w with the input data, the water-layer multiple model can then be generated. Since the estimation process of F w has already included the effect of the surface operator, the multiple model has the correct amplitudes and phase for the water-layer multiples. Hence, in the subtraction process, we can use very short matching filters for adaptive subtraction. In this case, a filter length of four samples was applied. This minimizes the risks of changing other events significantly, especially those primary events that are close to the multiples. Figure 3(a) displays the subtraction result. It can be observed that most of the water-layer multiples have been effectively attenuated. This is evident in the auto-correlation plot. The effectiveness of the approach can be compared with that of -p deconvolution which is used routinely in processing workflow for removing short-period multiples. Other surface related multiples attenuation by SRME Using the result of the previous step, this step involves the use of SRME for suppressing other free-surface multiples that are generated by deeper sub-surfaces underneath the water-bottom. Since the water-layer multiples have already been handled, the data need to be first muted off (until below the water-bottom reflection time) to form the input for SRME. That shallow part of the recorded data is in the post-critical range anyway, hence it should be avoided in the process of multiple prediction, Thus, the muting actually allows SRME to be appropriately applied. In practice, the length of the mute time is associated with the operator length of F w . In this case, the mute time was 100ms plus the water-bottom reflection time obtained from Figure 1 . To illustrate the usage of SRME on this data, Figure 5 depicts a common offset (550m) section of a deeper area after the attenuation of the water-layer related multiples. The surface multiples generated by the respective sub-surfaces are clearly present. We then applied 3D SRME on the SWD output by first binning and interpolating the data to a 12.5m×25m grid. Figure 6 (a) displays the result and Figure 6 (b) the difference section. They clearly show that the surface related multiples that are generated by the subsurface structures have been suppressed. 
The Gippsland Basin, Australia
The next example is from the Gippsland Basin, Australia. Figure 7 (a) shows an input stack of one selected line. The water depth in this area is in the range of 50 to 90 m. Since the nearest recorded offset was 182 m, the recorded water-bottom reflection is in the post-critical range. Initial processing in the year 2008 involved only SRME for tackling the surface related multiples in the data. As can be seen from Figure 7 (b), a great deal of surface related multiples still left behind.
However, with our new processing workflow of SWD followed by SRME, most of the water-layer multiples can now be effectively attenuated as shown in Figure 8 . A clearer comparsion between the old and the new processing workflow can be illustrated by the magnified difference stacks in Figure 9 which show that the lack of well-defined water-bottom reflection in the data degrades the performance of SRME.
Therefore, a combination of SWD and SRME provides an effective workflow for attenuating surface multiples in shallow water situations. 
Conclusions
To facilitate detailed seismic interpretation of the hydrocarbon reservoirs in the shallow water environment, one of the necessary seismic data processing steps is to effectively attenuate the shallow water multiples. It has been shown that traditional methods are not adequate in suppressing these multiples. By targeting the short-period and long-period multiples separately using multichannel prediction filter and 3D SRME respectively, we have demonstrated, through the cases of the Bohai Sea and the Gippsland Basin, that the workflow helps in overcoming the difficulties in attenuating free-surface related multiples due to shallow water. The advantage that both steps have the same data arrangement such as interpolation/extrapolation and data ordering means that the workflow provides an effective and yet efficient way for shallow water demultiple.
